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Supporting Information Placeholder
$%675$&70LFURVWUXFWXUHGPHWDORUJDQLFIUDPHZRUN02)
JODVVHVKDYHEHHQSURGXFHGE\FRPELQLQJWZRDPRUSKRXV02)V
+RZHYHU WKHHOHFWURQLFVWUXFWXUHRI WKHVHPDWHULDOVKDVQRWEHHQ
LQWHUURJDWHGDW WKH OHQJWKVFDOHVRI WKHFKHPLFDOGRPDLQVIRUPHG
LQ WKHVH JODVVHV +HUH ZH UHSRUW D VXEZDYHOHQJWK VSDWLDOO\ UH
VROYHGSK\VLFRFKHPLFDODQDO\VLVRIWKHHOHFWURQLFVWDWHVDWYLVLEOH
DQG 89 HQHUJLHV LQ D EOHQG RI WZR ]HROLWLF LPLGD]RODWH IUDPH
ZRUNV =,)V=,)&RDQG=,)=Q%\FRPELQLQJ VSHFWURV
FRS\DWYLVLEOHDQG89HQHUJLHVDVZHOODVDWFRUHLRQL]DWLRQHQHU
JLHV LQ HOHFWURQ HQHUJ\ ORVV VSHFWURVFRS\ LQ WKH VFDQQLQJ WUDQV
PLVVLRQ HOHFWURQ PLFURVFRSH 67(0((/6 ZLWK GHQVLW\ IXQF
WLRQDOWKHRU\FDOFXODWLRQVZHVKRZWKDWGRPDLQVOHVVWKDQQP
LQ VL]H UHWDLQ WKH HOHFWURQLF VWUXFWXUH RI WKH SUHFXUVRU FU\VWDOOLQH
=,) SKDVHV 3URWRW\SLFDO VLJQDWXUHV RI FRRUGLQDWLRQ FKHPLVWU\
LQFOXGLQJ d-d WUDQVLWLRQV LQ =,)&R DUH DVVLJQHG DQG PDSSHG
ZLWKQDQRVFDOHSUHFLVLRQ
7KHFRRUGLQDWLRQFKHPLVWU\EHWZHHQOLJDQGVDQGPHWDOFHQWHUV
XQGHUSLQV WKH VWUXFWXUH DQG UHDFWLYLW\ RI PHWDORUJDQLF IUDPH
ZRUNV 02)V 7KH GLYHUVLW\ RI ERQG VWUHQJWKV DQG VWUXFWXUHV
SRVVLEOH LQ WKH FRRUGLQDWLRQ HQYLURQPHQW JLYHV ULVH WR LPSRUWDQW
SURSHUWLHV RI 02)V VXFK DV WXQDEOH SRURVLW\ IRU JDV VWRUDJH
DGMXVWDEOHDFWLYLW\RIELQGLQJVLWHVIRUJDVVHSDUDWLRQVDQGFDWDO\
VLVDQGFRQWUROOHGRSWLFDOSURSHUWLHVLQSKRWRFDWDO\VLVDQGVHQV
LQJ5HFHQWO\WKHH[SORUDWLRQRIDPRUSKRXV02)VWKDWUHWDLQWKH
FULWLFDO FRRUGLQDWLRQ FKHPLVWU\ KDV ODXQFKHG UHVHDUFK LQWR LP
SURYHG SURFHVVDELOLW\ KD]DUGRXV ZDVWH WUDSSLQJ DQG PHOW
TXHQFKHG JODVVHV ZLWK GLVWLQFW PHFKDQLFDO SURSHUWLHV± $PRU
SKRXVPDWHULDOVKDYH W\SLFDOO\EHHQGHVFULEHGVWDWLVWLFDOO\XVLQJ
HQVHPEOH VWUXFWXUDO DQG VSHFWURVFRSLF WHFKQLTXHV EXW WKHVH DS
SURDFKHVPLVVPLFURVFRSLFKHWHURJHQHLW\DQGUHTXLUHDOWHUQDWLYHV
IRUQDQRPHWHUVFDOHDVVHVVPHQWRIHOHFWURQLFVWUXFWXUHYDULDWLRQ
+HUH ZH SUHVHQW VSDWLDOO\ UHVROYHG VSHFWURVFRS\ RI D ]HROLWLF
LPLGD]RODWHIUDPHZRUN=,)JODVVEOHQGDWYLVLEOHWR;UD\SKR
WRQ HQHUJLHV XVLQJ HOHFWURQ HQHUJ\ ORVV VSHFWURVFRS\ ((/6 LQ
VFDQQLQJWUDQVPLVVLRQHOHFWURQPLFURVFRS\67(06SHFWURVFRS
LF FKDUDFWHUL]DWLRQ DFURVV PXOWLSOH HQHUJ\ ZLQGRZV ZLWK FR
UHJLVWHUHGVSDWLDOPDSV HQDEOHV WKHGHWDLOHG LQWHUSUHWDWLRQRI WKH
RSWLFDO VWDWHVDWYLVLEOHDQG89HQHUJLHVRIDEOHQGRI=,)&R
>&R&+1@ DQG =,)=Q >=Q&+1&+1@ &R
EDVHG=,)VVKRZXQLTXHRSWLFDOSURSHUWLHVLQOLJDQGPHWDODVZHOO
DV PHWDO dRUELWDO WUDQVLWLRQV DQG SURYLGH D NH\ VLJQDWXUH RI WKH
JHRPHWU\ RI WKH FRRUGLQDWLRQ HQYLURQPHQW 7HWUDKHGUDO &R
JHQHUDOO\ H[KLELWV VSLQDOORZHG d-d WUDQVLWLRQV LQ FRQWUDVW WR
/DSRUWHIRUELGGHQ WUDQVLWLRQV LQRFWDKHGUDO FRRUGLQDWLRQ DQG WKH
HOHFWURQLF VWUXFWXUHDQGXQGHUO\LQJFRRUGLQDWLRQRIPHWDOFHQWHUV
LQ EOHQGHGPHOWTXHQFKHG02) JODVVHV UHSUHVHQWV D NH\ IXQGD
PHQWDO TXHVWLRQ VR IDU RQO\ LQGLUHFWO\ DGGUHVVHG E\ HQVHPEOH
PHDVXUHPHQWV
7KH67(0((/6WHFKQLTXHFRQVLVWVRIDIRFXVHGQDQRPHWHUWR
VXEQDQRPHWHUHOHFWURQEHDPWKDW LV UDVWHUHGDFURVVD WKLQVSHFL
PHQ(OHFWURQVWUDQVPLWWHGWKURXJKWKHVSHFLPHQKDYHDSUREDELO
LW\ RI LQHODVWLF VFDWWHULQJ ZKLFK LV GHWHUPLQHG E\ WKH TXDQWXP
PHFKDQLFDOVWDWHVRIWKHVSHFLPHQPDWHULDOUHVXOWLQJLQDQHQHUJ\
ORVVVSHFWUXP7KHLQWULQVLFVSUHDGRIWKH LQFLGHQWHOHFWURQEHDP
LPSRVHV D ORZHQHUJ\ FXWRII RQ DFFHVVLEOH HQHUJLHV EXW ZLWK
PRQRFKURPDWHGHOHFWURQPLFURVFRSHVVSHFWURVFRS\IURPEHORZ
H9 LV URXWLQHO\ SRVVLEOH 67(0((/6 KDV VHHQ ZLGHVSUHDG
DSSOLFDWLRQ LQ WKH VWXG\ RI SODVPRQLF QDQRSDUWLFOHV GXH WR WKH
VXEZDYHOHQJWKFKDUDFWHUL]DWLRQRIRSWLFDOSURSHUWLHVWKHWHFKQLTXH
SURYLGHV± +RZHYHU LQ RQO\ D IHZ FDVHV KDV 67(0((/6
EHHQDSSOLHGWRVLQJOHHOHFWURQWUDQVLWLRQVGXHWRWKHLUORZHUVFDW
WHULQJ FURVVVHFWLRQV 67(0((/6 KDV EHHQ XVHG SUHYLRXVO\ WR
VWXG\H[FLWRQVLQ0R60R6HDQGLQWUDPROHFXODUWUDQVLWLRQVLQ
RUJDQLF VRODU FHOO PDWHULDOV± 1RQGLSROH d-d WUDQVLWLRQV KDYH
DOVREHHQREVHUYHGE\PRPHQWXPUHVROYHG67(0((/6LQPRUH
HOHFWURQUDGLDWLRQUHVLVWDQWLQRUJDQLFPDWHULDOV
+HUH67(0((/6RIRSWLFDOO\DOORZHGd-dWUDQVLWLRQVLVXVHG
DV D GLUHFW SUREH RI WKH FRRUGLQDWLRQ HQYLURQPHQW ZLWKLQ D QRQ
FU\VWDOOLQH PLFURVWUXFWXUHG 02) JODVV EOHQG &RPELQHG ZLWK
((/6DWFKDUDFWHULVWLFLRQL]DWLRQHGJHV&RL23, =QL23, &K, 1 K
DQG GHQVLW\ IXQFWLRQDO WKHRU\ ')7 FDOFXODWLRQV ZH VKRZ ZLWK
GHHSO\VXEZDYHOHQJWKVSDWLDO UHVROXWLRQ WKDW WKHHOHFWURQLFVWUXF
WXUH RI =,)&R DQG =,)=Q DUH HDFK SUHVHUYHG LQ WKH JODVV
SKDVHZLWKFOHDUHYLGHQFHRI&Rd-d WUDQVLWLRQV LQ=,)&RGR
PDLQVDVZHOODVLQWUDOLJDQGDQGOLJDQGPHWDOWUDQVLWLRQVLQ=,)
&RDQG=,)=QJODVVGRPDLQVEHORZQPLQH[WHQW
$ EOHQG RI =,)&R DQG =,)=Q KHUHE\ UHIHUUHG WR DV
=,)&R=,)=Q DV UHSRUWHG LQ 5HI  ZDV XVHG IRU
WKLVZRUN%ULHIO\ FU\VWDOOLQHSRZGHUV RI=,)&R DQG=,)
=QZHUHV\QWKHVL]HGWKHQPL[HGDQGKHDWHGWRDWHPSHUDWXUH
ZKHUH WKH =,)=Q LV OLTXLG DQG WKH =,)&R LV DPRUSKRXV
DQG ILQDOO\ TXHQFKHG WR WKH VROLG VWDWH 7KH VWUXFWXUH RI OLTXLG
SKDVH =,)V FRQVLVWV RI OLJDQGFRRUGLQDWHG =Q ZLWK VXE
SLFRVHFRQGOLQNHUH[FKDQJH LQWKH OLTXLG'HWDLOVRIWKHH[SHUL
PHQWDO SDUDPHWHUV DUH GHVFULEHG LQ WKH 6XSSRUWLQJ ,QIRUPDWLRQ
6,6SHFWUXPLPDJHVFRQVLVWLQJRI((/VSHFWUDUHFRUGHGDWHDFK
EHDPSRVLWLRQZHUHDFTXLUHGVHTXHQWLDOO\WRFRYHUHQHUJLHVLQWKH
899LVH9EXONSODVPDH9&DQG1K 
H9DQG&RDQG=QL23 H9ZLQGRZV
)LJXUHDSUHVHQWVPRGHOVRI WKH OLJDQGVDQGFRRUGLQDWLRQDW
PHWDOFHQWHUV LQ=,)&RDQG LQ=,)=Q ,Q=,)&R WHWUD
KHGUDO SRVLWLRQV DUH EULGJHG E\ 10 FRRUGLQDWLRQ 0   PHWDO
ZLWKLPLGD]RODWH,P&+1 OLJDQGVJLYLQJWKHFRPSRVLWLRQ
&R,P ,Q =,)=Q WKH =Q FHQWHU LV OLNHZLVH 10 FRRUGL
QDWHGEXWZLWKRQHSRVLWLRQLQHYHU\RWKHU=QEULGJHGE\DEHQ
]LPLGD]RODWH OLJDQG E,P &+1 JLYLQJ WKH FRPSRVLWLRQ
=Q,PE,P &RQVHTXHQWO\ LQ DGGLWLRQ WR GLIIHUHQFHV LQ
dEDQGILOOLQJWKHE,POLJDQGLVDVVRFLDWHGRQO\ZLWKWKH=,)
=QSUHFXUVRU
,VRODWHG FU\VWDOOLQH SUHFXUVRUV ZHUH H[DPLQHG E\ ((/6 DV D
UHIHUHQFH IRU WKH JODVV EOHQG )LJXUH E SUHVHQWV VSHFWUD DW 
N9 DYHUDJHG RYHU HQWLUH VLQJOHSKDVH SDUWLFOHV RI =,)&R DQG
=,)=Q)LJXUHFSUHVHQWVVSHFWUDDWN9H[WUDFWHGIURP
VHOHFWHG DUHDV RI D SDUWLFOH RI =,)&R=,)=Q FRUUH
VSRQGLQJWR&RULFKDQG=QULFKUHJLRQV7KHLQVHWVKRZVDQDQ
QXODU GDUN ILHOG $') 67(0 PLFURJUDSK VKRZLQJ PDVV
WKLFNQHVVFRQWUDVWIRUUHIHUHQFH1RGRPDLQVWUXFWXUHZDVYLVLEOH
LQ $')67(0 ((/ VSHFWUD ZHUH EDFNJURXQG VXEWUDFWHG WR UH
PRYH WKH FRQWULEXWLRQV RI HOHFWURQV XQGHUJRLQJ QR HQHUJ\ ORVV
WKH ]HUR ORVV SHDN =/3 DQG LWV FRQWLQXXP WDLO 6SHFWUD LQ WKH
EOHQGUHSURGXFHGWKHVDPHVSHFWUDOVLJQDOVIRUWKH&RDQG=Q
SKDVHVUHVSHFWLYHO\ZLWKQRGHSHQGHQFHRQLQFLGHQWEHDPHQHUJ\
VHH DOVR )LJ 6 ,Q =,)&R DQG LQ WKH &RULFK GRPDLQV RI
=,)&R=,)=QDULVHLQWKH((/6VLJQDODWH9ZDV
REVHUYHGIROORZHGE\DJUDGXDOLQFUHDVHLQWKHUHJLRQRIH9DQG
WZRSHDNVDWH9DQGH9,Q=,)=QDQGLQWKH=QULFKGR
PDLQVRI=,)&R=,)=QWKHILUVWSHDNZDVREVHUYHG
DWH9IROORZHGE\SHDNVDWH9DQGH97KHUHODWLYHLQ
WHQVLWLHV RI WKH ((/6 VLJQDOV ZHUH DOVR GLVWLQJXLVKDEOH EHWZHHQ
&RDQG=QGRPDLQV
7KHVH VSHFWUDO VLJQDWXUHV ZHUH LQ WXUQ PDSSHG WR UHYHDO WKH
&R DQG =Q GRPDLQ PLFURVWUXFWXUH XVLQJ D PDFKLQH OHDUQLQJ
DOJRULWKP QRQQHJDWLYH PDWUL[ IDFWRUL]DWLRQ 10) XVHG VXF
FHVVIXOO\ LQORZORVV((/6RISODVPRQLFSDUWLFOHV10)SHU
IRUPV SDUWLFXODUO\ ZHOO LQ QRLV\ GDWDVHWV ZLWK XQNQRZQ SHDN
VKDSHVZKHUHSHDNILWWLQJLVFKDOOHQJLQJDVLVWKHFDVHXVLQJFRQ
GLWLRQVWROLPLWWKHHOHFWURQGRVH10)VHSDUDWHVWKHK\SHUVSHFWUDO
GDWDVHW REWDLQHG LQ 67(0((/6 LQWR D VHW RI WZRGLPHQVLRQDO
PDSV DQG FRUUHVSRQGLQJ VSHFWUDO VLJQDWXUHV 7KH QRQQHJDWLYLW\
FRQVWUDLQWLVRIWHQVXIILFLHQWWRVHSDUDWHGDWDFRQVLVWLQJRIDVPDOO
QXPEHURIVSHFWUDOVLJQDWXUHVWKDWDUHGLVWLQFWVSHFWUDOO\DQGVSD
WLDOO\ DV LV WKH FDVH IRU WKH JODVVEOHQG'XH WR WKH ZHDNFRQ
VWUDLQW 10) UHVXOWV DUH QHFHVVDULO\ VFUXWLQL]HG DV WKH\ DUH QRW
JXDUDQWHHGWREHSK\VLFDO
)LJXUHDESUHVHQWVWKH10)PDSDQGFRUUHVSRQGLQJVSHF
WUDOVLJQDWXUHVIRUWKH&RDQG=QGRPDLQVLQWKHVDPHSDUWLFOH
DVVKRZQLQ)LJF7KHSHDNVREVHUYHGLQVHOHFWHGDUHDVSHFWUD
)LJFDUHUHSURGXFHGLQWKH10)VSHFWUDOIDFWRUVLQ)LJE
FRQILUPLQJ WKH VHSDUDWLRQ DULVHV IURP SK\VLFDO VLJQDOV )LJXUH
FHVKRZVWKHFRUUHVSRQGLQJHOHPHQWDO((/6PDSDQDO\]HG
E\LQGHSHQGHQWFRPSRQHQWDQDO\VLV,&$7KHUHGUHJLRQVFRU
UHVSRQGWRWKH&RL23 VLJQDODQGWKHEOXHUHJLRQVFRUUHVSRQGWR
 
)LJXUHD0RGHOVRIWKHORFDOFRRUGLQDWLRQLQYROYLQJWKHLPLG
D]RODWH ,P OLJDQG LQ =,)&R DQG WKH EHQ]LPLGD]RODWH E,P
OLJDQG LQ=,)=Q E67(0((/6VSHFWUD IURPVLQJOHSKDVH
=,)&R DQG =,)=Q SUHFXUVRU SDUWLFOHV F 6HOHFWHG DUHD
67(0((/6VSHFWUD IURPDJODVVEOHQGSDUWLFOHZLWK WKHVSDWLDO
ORFDWLRQVPDUNHGRQWKHLQVHW$')67(0PLFURJUDSK7KHLQVHW
VFDOHEDULVȝP
WKH=QL23 VLJQDO7KHPDSVLQ)LJDFVKRZLGHQWLFDOGLVWUL
EXWLRQVRIWKHORZHQHUJ\DQGHOHPHQWDOVLJQDWXUHVUHYHDOLQJWKDW
WKHVLJQDWXUHVDWYLVLEOHDQG89HQHUJLHVDULVHIURPWKH&RDQG
=Q GRPDLQV 10) PDSV RI DGGLWLRQDO SDUWLFOHV DUH VKRZQ LQ
)LJ66,WVKRXOGEHQRWHGWKDW10)SLFNVXSSDUWLFXODUO\RQ
VSHFWUDOGLIIHUHQFHVVRWKHPDSVLQ)LJDKDYHVRPHLQWHQVLW\
RYHUODSGXH WR VLPLODULW\ LQ WKHVSHFWUDOEDFNJURXQGEHWZHHQ WKH
&RDQG=QGRPDLQV$WWKHVLJQDOWRQRLVHUDWLRSRVVLEOHZLWK
RXW VLJQLILFDQWO\ DOWHULQJ WKH 02) JODVV EOHQG ZLWK WKH HOHFWURQ
EHDP LW LVXQOLNHO\ WKDWVXEWOHFKDQJHVDW WKH LQWHUIDFH LWVHOI DUH
GHWHFWDEOHHJVPDOODPSOLWXGHRUHQHUJ\VKLIWVGXHWRFRQIRUPD
WLRQDO IOXFWXDWLRQV RU GLVRUGHU 7KH PDSSLQJ KRZHYHU GHPRQ
VWUDWHVWKDWWKHORZHQHUJ\((/6VLJQDOVFDQEHXVHGWRPHDVXUH
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